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State Research Laboratory of The Harshaw Chemical Company. Dr. J. M. McKenzile
is the technical director of the laboratory. The work was sponsored by
the Lewis Research Laboratory of NASA with Dr. Andrew E. Potter acting as
technical advisor, and Clifford Swartz acting as Project Manager. Project
direction has been provided by Mr. F. A. Shirland and Mr. J. C. Schaefer.
Mr. T. A. Griffin has acted as the Project Supervision Engineer and
Principal Investigator.

The following Harshaw Chemical Company personnel have contributed to
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RESEARCH AND DEVELOPMENT
IN
CdS PHOTOVOLTAIC FIIM CELIS

by T. A, Griffin, R. W. Olmsted, and J. C. Schaefer

) A4 S STMMARY e T

This CdS thin film solar cell program has materially contributed
toward an increase in the watts per pound, cell size, and an improved cell
package. It has also produced an increase in the cell efficiency by means
of an improved collector and has shown a method for possibly improving said
collector by electrodeposition. A large number of various sized cells has
also been delivered for a great variety of envirommental tests. Cell cost
reductions have been effected.

Work has been accomplished on cell series resistance, crystallite size,
and evaporant powders.
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RESEARCH AND DEVELOPMENT
IN

CdS PHOTOVOLTAIC FIIM CELLS

by T. A. Griffin, R, W, Olmsted, and J. C. Schaefer

INTRODUCTION

The cadmium sulfide solar cell program was initiated at Harshaw
about ten years ago by the United States Air Force. Since then it has
been augmented by the National Aeronautics and Space Administration. The
purpose of this National Aeronautics and Space Administration program was
to concentrate on certain aspects of the CdS film cell design so that it
might become more competitive with existing space power systems. The cell
development has progressed to the threshold of serious consideration for
space power.

To reach this point, the power to weight ratio and the energy con-
version efficiency had to be increased. Reliability had to be designed in-
to the cell package. Substantial advances were made in these areas.

Several important developments were made during this contract. One
was the fabrication of six inch by six inch solar cells, which are probably
the largest individual units ever made. Another important milestone was
doubling the cell output by employing an electroformed gold grid collector.
The successful employment of a very light weight metal substrate, e.g.,
titanium, and the increased reliability of the cell package were other
improvements.

Advances were also made in lowering the cost of these cells. Elec-
troplated grids show promise as replacements for the expensive electro-
formed meshes. The evaporant, originally single crystal chips, is now
raw powder. A large number of cells of various sizes were produced ranging
from 1 ecm x 2 ¢m to the 6 inch x 6 inch cells. A substantial number of
these were sent to the National Aeronautics and Space Administration for
testing and evaluation. ‘



Tt 18 expected that the results of these tests will indicate further improve-
ments especlially in the cell package design.

The established radiation resistance, the constantly improving
efficiency, the high power to weight ratio, and the low cost make the thin
f£ilm CdS flexible solar cell the brightest prospect in the solar cell field.




CELLS DELIVERED DURING CONTRACT

During this solar cell contract over 300 cells were delivered to the
National Aeronautics and Space Administration. These cells were fabricated
to demonstrate the state of the ari, and to be used in performance tests.

A few general comments can be made concerning these cells.

Among these cells seventeen 6" x 6" cells are the largest known indi-
vidual solar cells ever made. Figure 2 is a photograph of typical 6" x 6"
cells. Eight 6" x 6" arrays were also fabricated from four individual 3" x
3" cells connected in series or parallel and laminated in one package. One
hundred forty-six individual 3" x 3" cells were delivered along with one
hundred thirty-eight 1 x 2 cm cells. Several dozen mechanical samples of
different sizes were constructed for various purposes. The majority of the
above cells were frant wall cells fabricated on flexible substrates.

Most of the cells were over 2.5% efficient with several over 3%. The
highest efficiency large area cell delivered was 3.52%. However, higher
efficiencies are now being attained. The highest power-to-weight ratio
demonstrated in these cells was twenty-cight watts per pound. The grid area
was used to calculate efficiencies. Cells were tested under tungsten lamps.

Many of these cells are being used in an environmental test program
now in progress at the National Aercnautics and Space Administration, Lewis
Research Laboratories.

EVAPORATION EQUIPMENT MODIFICATION

The object of modifying the evaporation equipment was, not only to
provide more uniform CdS films, but also to produce larger films, Even
though a 6" x 6" area was chosen, it does not mean that this is the optimum
cell size. If films of thirty-six square inches could be handled, then
the only limit on area would be chamber size and filament position. To
achieve these goals the filament, the substrate heater, and the substrate
holder designs were studied and mocdified.

Filaments

A ta?iﬁlum filament developed for the evaporation of Si0O was first
evaluated., 5i0 and CdS both vaporize without going through the melt
phase. Precautions must be taken to eliminate splatter caused by small
unvaporized particles that get blown off of the surface of the charge as

it vaporizes. This filament was designed to force the vaporized material
to enter a chimney through small holes. The vapor exits through the top
of the chimney and is directed to the substrate. Thus particles must pass
through the small holes, and then make a 90° turn before striking the sub-
- gtrate and causing pin holes in the evaporated film. This effectively pre-
vents the impingement of small unvaporized particles on the substrate, and
reduces pin holes and splattering.




In evaluating this filament it should be pointed out that it provided
high evaporation rates, and produced 1little splatter. However, the evapor-
ation rate was not constant and depended on the amount of charge remaining
in the filament. To approach uniformity over 6" x 6" areas it was necessary
to use a very large substrate-to-filament distance. This resulted in much
wasted evaporant. In spite of the large separation of filament and sub-
strate, the evaporated films were still not very uniform. The variation
over the 6" x 6" areas was in excess of 30%.

Therefore, from the above experiences, and because the SiO filament had
a limited life, another filament type seemed necessary.

A group of four filaments was found adequate for the evaporation of
CdS on a 6" x 6" substrate. This design permits adjustment of the filament
positions to give a uniform deposit over the 6" x 6" substrate area. The
filaments are constructed of tantalum cylinders 3" in diameter, and 3-3"
long. The basic procedure used for achieving uniformity over large squares
is to place the filaments on centers equal to the substrate sides, in this
case on 6" centers, th?ﬁ the substrate to filament distance is adjusted to
75% of the six inches. ) This basic method did not hoid true here because
the filaments served as collimated sources. Therefore, the final distances
were adjustments made by trial and error. The four filaments are positioned
on 4" centers, while the best substrate to filament distance is 9.2 inches.
Figure 1 shows the filament configuration with the heat shields removed for
easler viewing.

The filaments are wired in series to enable the changing of individual
filaments without disturbing the other three. Most importantly, the line
drop is minimized, thereby permitting the power to be more efficiently coupled
to the filaments. It has been found that only about one-half of the origin-
ally estimated power, or a little more than 2 kw is required.

In order to conserve power and also reduce the heat radiated to the bell
jar, tantalum reflectors or shields were installed adjacent to the filaments.

To minimize the splattering, quartz wool plugs were placed in the open
end of the filaments. These plugs were effective in reducing the splattering.
There was a reduction in the evaporation rate and the film thickness,

The quartz wool plugs are not quite adequate when used alone. Etched
screens of five mil molybdenum are used as caps to hold the charge in the
boat. These caps are attached to the heat shields mentinned above. This
procedure has effectively eliminated the splatter. Since this development,
raw power is being used as an evaporant.

Substrate Heater and Holder

Originally the substrates were heated by radiation by means of a moly-
- bdenum strip resistance heater placed just above the substrate. The heat
transfer was not as efficient as desired and a new heater design was sought.

_5-
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SUBSTRATE HEATER AND HOLDER.




In an attempt to obtain more uniform heating of the substrate, several
experiments were made using the substrate to supply its own heat by passing
current through it. This did not prove successful because the contacts
at the edges of the large substrates acted as heat sinks producing an un-
wanted temperature gradient across the substrate. This was compensated
for by tailoring the geometry of the substrate. However, this proved so
inaccurate that another substr«ﬂ% heater was developed.

?B heat source chosen was an immersion heater enclosed in an incology
sheath. Figure 3 shows the final design of the substrate heater and
holder. The heater was formed into an 11" diameter circle parallel to the
base plate. The major length (27-3" of the 33" circumference) of this circle
contains a 1.5 k.w. heater. The cold ends of the heater are 28-3" tubes,
which act as the vertical supports, and feed-throughs for the base plate.

The bulkhead seals are made with flexible conduit seals which can be seen

in Figure . As a result of this construction, the substrate heater is both
gself-supporting and adjustable in height.

Figure 3 shows the substrate heater clamped tightly to the substrate
holder which is a 1" aluminum plate with a 6" x 6" square hold in the center.
The substrates, which are slightly larger than 6“ x 6", cover the opening
and are backed with another aluminum plate. The back-up plate is also bolted
to the substrate holder. In order to improve the heat transfer, the back
of the substrate and the front of the back-up plate are covered with a black
dag. Initially, because of the difference in the thermsl expansion of the
molybdenum substrate and the aluminum holder, some buckling was produced in
the substrate during evaporation. It was discovered that the buckling could
be completely eliminated by using a graphite coating between the substrate and
the substrate holder. This allows the two metals to slide against each other
during expansion and contraction.

This substrate heater is much more efficient than the radiation type.
It requires about one-fourth the amount of power to heat the substrate to
a given temperature.
EVAPORATION MATERTAL

Microscopic Analysis

When the evaporated CdS film cell evolved from the CdS single crystal
cell the material used as an evaporant was single crystal chips. Subsequently
it was discovered possible to use sintered polycrystalline material as an
evaporant. Now, raw powder has been found to be suitable. Powder supplied by
several manufacturers has been tried, but only the General Electric material ‘
has been handled satisfactorily by the present filaments. With other materials
there was considerable splattering on the films. This splattering is due to
grain size as is shown in the following comparison. The grain sizes as found
by microscopy were: '

General Electric Powder:

Range = less than 1 micron to 3 microns

-8-
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evident that there are no significant differences in impurities for the
various materials. Both the sintered material and the single crystal
material were made using the General Electiic powder as a starting material.
Certainly, because of the complete dissociation that occurs in the evapor-
ation process, and the vapor pressures preseat, some further purification
occurs during film deposition.

X-Ray Analysis

Thin films of the materials were deposited by use of the standard
evaporator. The geometry of the vapor source, the substrate, and their
respective heaters were similar to that previously reported. Efforts were
made to keep evaporating techniques constant. The purpose of the experi-
ments was to determine what changes in film structure, if any, could be
attributed to the CdS source material. If noticeable effects are absent,
several forms of CdS are suitable for evaporating films. A priori, CdS
should evaporate and deposit in a manner which is independent of preparation.
However, differences in impurily content, particle size, and other chemical
or physical properties, may effect changes in the deposited films.

Films of the various CdS sources were evaporated on glass and molybdenum
substrates which in turn were studied by 3 -ray techniques. For each evapor-
ation onto molybdenum a glass substrate was included so that the film on
the glass could be used for resistivity and Hall measurements. The films on
molybdenum were used later for cell fabrication.

After the evaporated CdS films were prepared, they were examined by
x-ray procedures for lattice spacing changes, orientation, and relative
crystallite size. The data have been assembled in Table ITI. It may be
noticed that the d spacings of the (002) planes are constant at 3.359 + O. Olﬁ.
The (002) planes are nearly parallel to the substrate and small differences
in spacings may be caused by film thicknesses, strain, measurement error,
and defect content. No specific data can be correlated with the source
alone. The peak intensity of (002) is measured in a number of planes, or
crystallites oriented parallel to the substrate. Many variables can change
this orientation. The General Electric sintered powder evaporated on glass
substrates appears to give the best orientation. However, this could be
fortuitous., It is known that blaxial orientation occurs in CdS5 films.

More complete pole figures are needed to confirm the results. The width

at half maximum for (002) may be taken as an indication of crystallite size
in a direction perpendicular to the substrate. Larger widths correspond to
small crystallite sizes. Here again the range of observed widths is quite
scattered. Definite correlations are difficult to form.

The widths are also influenced by strain and other defects which are
always present in the films. In conclusion, the limited data given here
shows no outstanding differences which may be attiributed to the orlginal
source of the CdS.

-11-
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EVAPORATED FIIMS

Uniformitz

To determine the thickness profile of the 6" x 6" films detailed
measurements were made on two films. The first film had the CdS removed
from the substrate at nine spots and the thickness was measured. The CdS
thickness was found to vary from 1.5 to 2.1 mils. Then all of the CdS film
was removed, collected, and weighed. On the basis of total weight and
the area covered, the thickness was found to be 1.7 mil. A second film
had its deposit measured by using a microscope to determine the thickness
of the CdS at the edges of several holes placed in the film. The thick-
ness was found to vary from 1.7 to 2.1 mils by this method. Since these
types of measurements are destructive, subsequent films were only checked
with a surface gauge. The uniformity seemed reasonable and sufficient for
the production of good films. About eight per cent of the total filament
charge was collected on the substrate. If it is desired to collect more
of the charge, the rate of evaporation must be increased. The explanation
for this is described elsewhere.

Electrical Properties

The electrical properties of the evaporated CdS films were examined,
These properties included resistivity, mobility, and carrier concentration.-
An attempt was made to relate these properties to substrate temperature,
starting material, and cell operation.

A series of evaporations were run at various substrate temperatures to
see what effect this has on cell operation. Table III shows the results of
this series. The standard substrate temperature, at this time, was
approximately 220°C. Most of the films formed or condensed at this sub-
strate temperature had resistivities in the 103 ohm-cm range,

First, it should be pointed out that the material evaporated is un-
doped CdS. Therefore, any variations in resistivity probably comes from
non-stoichiometry. This is evident in the low' resistivity films achieved
by evaporation at low substrate temperatures. These films are very dark
in appearance which indicates @ large cadmium excess. It is of interest
that the substrate temperature normally used (220°C) gives the highest
resistivity films. However, it also appears to give cells with high current
density. In this particular series 250°C yielded better cells. Subsequent
tests have shown 220°C is a slightly better temperature. However there seems
to be a range of 25 or 30°C that yields very similar results.

Pertinent to this question are some series resistance calculations
made on CdS film cells. The I-V curves of the 6" x 6" cells show & series
resistance of about 0.1 ohm while the 1" x 3" cells show about 1 ohm,
Comparing the two sizes on a basis of area and thickness, the bulk resis-
tivity of the CdS film could be the cause of this series resistance. Cal-
culations for the one ohm series resistance of one particular 1" x 3" cell
resulted in a bulk resistivity of 3 x 103 ohm-cm; while the one-tenth ohm

~13-




TABLE IIT

PROPERTIES OF CdS FILMS EVAPORATED AT VARIOUS SUBSTRATE TEMPERATURES

SUBSTRATE RESISTIVITY RESISTIVITY CELL NO.

TEMP. (4n dark 1 - (in light 150ft ocv ScI FFF.
(°c.) hour) (ohm-cm) candles)(Ohm-cm) (Volts) (ma.) (%)
140 375 200 X479 0.42 12 N.C.3
xL80o 0.5 58 1.3
180 650 340 XL76 0.48 36 0.8
XL77 0.51 65 1.1
220 5200 1300 XL83 0.k 124 2.2
xL8L 0.5 116 2.4
250 1300 330 XL71 0.52 124 2.8
' XL72 0.52 120 2.6
260 850 230 X468 0.5 104 2.0
XLé69 0.5 88 1.8

The material was the same for all films (Sintered CdS G.E. material, 0-122)

Resistivity measurements were made on a pyrex slide that was evaporated
‘at the same time as the film on molybdenum.

#N.C. = not calculated, very low.

-14-




series resistance on a 6" x 6" cell yielded a bulk resistivity of 5 x 103
ohm-cm. These films were evaporated at a substrate temperature of 220°C.
As seen from Table ITI, bulk resistivities in the 103 ohm-cm range would
be expected for the substrate temperature at which these films were
evaporated. Whether this cell series resisiance can be related to the
bulk resistivity, or not, is to be determined. Further comment on this
will be found later in this report.

The resistivity, mobility, and carrier concentration, were measured
using films made from the various source materials. Table IV displays the
results. The films from Sylvania powder seem to show the lowest resistivity.
However these films had so much splatter that the thickness measurement
used in the calculation of resistivity was very inaccurate. The single
crystals were doped in the 1 to 10 ohm cm. range and therefore the films
have about the expected resistivity. The General Electric sintered material
gave films with resistivities a factor of ten lower than the General Electric
powder.

The mobilities are in the expected range. The one exception is the
Eagle Pitcher material which gave films of high mobllity.

No significant differences were noted in open circuit voltages, or
short circuit currents for any one group .f cells from the same material.

One property that did vary was the shunt resistance. To evaluate .this
property the value of shunt resistance obtained from the I-V curvesg was
multiplied by the cell area since the cell areas varied from 12 em? to 210
cm2. This normalized value of shunt resistance ranged from 100 ohm em? to
31 x 103 ohm cm?. It is felt that this great variation is due to the film
structure, and in particular to the partial shorting paths such as pin holes,
grain boundaries, etc.. There was no correlation between shunt resistance
and source material.

The series resistance is of special interest since a decrease of this
property would mean an immediate increase in cell efficiency. As mentioned
above, there appeared to be some indications that cell serles resistance
might be correlated to the bulk resistivity of the film. However, after
the values were adjusted by using the cell areas to obtain a common figure,
no correlation was evident. The series resistance varied from 6 to 25 ohm cm2.
The film resistivities ranged from 0.6 ohm cm to 14 x 103 ohm em. If much of
the series resistance of the cell is due to the bulk resistivity of the film,
it will be very hard to separate it from the total series resistance.

WEIGHT REDUCTION

One of the advantages of the flexible front wall CdS solar cell over
present solar cells is its light weight. Even though the efficiency of CdS
film cells has not exceeded 5.5%, they are lighter than high efficiency cells
and can deliver more power per unit of weight. Thirty watts per pound has
been demonstrated several times on large area cells. This ratio can be
increased in many ways. The most obvious way is to reduce the overall weight

-15-
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by reducing the substrate weight and the CdS film thickness.

Substrates

When the CdS polycrystalline film cell was first reduced to practice it
was found that fairly thick films in the order of 2 to 4 miles were required.
To promote adherence it was believed that evaporated films would have to
be laid down on substrates that closely matched the thermal expansion of
CdS. For this reason, the first rear wall film cells were made on pyrex
glass substrates. The first front wall film cells were made on molybdenum
substrates. Both of these substrate materials match CdS closely in thermal
expansion coefficient. Several metals have been used or considered for
substrate materials. Table V lists these materials and their properties.

1. Molybdenum

Two mil molybdenum has been used for most of the front wall CdS
film cells produced thus far. One mil molybdenum has been substituted for
the two mil molybdenum in the past, but it presents problems. Care must be
taken to aveid any kinks or folds in tne foil during processing. The most
serious problem in preparing one mil molybdenum for large area substrates
- is the condition of the material as suppliod. Much of the material is already
full of dents and folds. Recently evidence has been accumulated that the
thin foil does not etch in the same manner as the two mil foil., This seems
to indicate that the interface between the CdS and the molybdenum is different
for the two thicknesses.

2. Invar and Kovar

Scome Invar "36" has been used as a substrate material. Very little
curling was noted in the cells, indicating a minimum of thermal expansion
mismatch between the CdS and the Invar. Some very excellent cells, over
3.5% have been produced on this substrate, however, the yield has been very
low. Most of the time the cells are poor, or the adhesion has not been
satisfactory. One problem has been the etch rate. The reaction of Invar
with HNO4 and with HF is erratic. Thé rate of reaction with one test piece
may be twice that of another piece. This makes it difficult to formulate
an etching procedure for the metal. The reason for this variation in rates
is being studied. Kovar has been found to be very similar to Invar. Both
Kovar and Invar have the drawback of being magnetic which would rule out
their use on a scientific satellite.

3. Tungsten

Good cells have been produced on two mil tungsten. Although the
thermal match between CdS and tungsten was better_ than that between CdS and
molybdenum, the tungsten is very dense, 19.3 g/cmi.

li. Niobium

Niobium produced by ordinary rolling and by Sendzinir processing
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TABLE V

PROPERTIES OF PCSSIBLE METAL SUBSTRATE MATERIAILS

Coefficient of Electrical

Thermal ansion Resistivity Density
Material (°c x 10-0)s (Micro-ohm cm) (g/cm?)
Mo 4.7 to 5.8 5.2 10.2
Invar "36" 1.2 to Lg% 82.0 8.1
Invar "2 4.6 to b9 72.0 8.4
Ag 20.2 1.6 10.5
Ta 6.6 12.4 16.6
Zr 6.1 4.5 6.5
Ti 9.4 L7.8 4.5
W L.6 | 5.5 19.3
Nb 7.5 13.1 8.6
Zn 3L to 39 6.0 7.1
' 7.8 (from 0 to 40°C) 2);.8 6.0
cds (11) L (at 25°C)
cas (1) 6 (at 25°C)

* Over.the range 20 to 300°C, except where otherwise noted.

## Values supplies by manufacturer. Other materials as listed in
Amer. Inst. of Physics Handbook (1957 Ed.)
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has been used, No cleaning, etching, or surface conditioning has been dis-
covered that will promote the adherence of the CdS.

5. Zirconium and Tantalum

Zirconium and tantalum have been worked with, but with little or
no success. The problem seems to be the removal and prevention of reformation
of the film that forms on the surface of these metals. The adherence to
these metals is very poor.

6. Silver and Zinc

Some metals can be used successfully even though they do not match
the thermal expansion of CdS provided they are soft or fairly ductile.

Good cells have been made on both one mil zinc and one mil silver.
The adherence of the CdS was not as good as it was to molybdenum, but it was
sufficient to enable the fabrication of several cells.

7. Titanium

Titanium is of interest because of its very low density (L.S5 g/cc).
Until recently titanium was in the same class as zirconium and tantalum. Now
an etch method has been developed for titanium that is reasonably successful.
It is not the ultimate answer.

The etching of a metal to be used as a substrate should do two things;
first, clean it, and second, roughen the surface. It would also seem desirable
that the surface be uniformly etched, although this is not always essential.
The surface should be free from all contaminants and oxides so that the CdS
can bond well to it. The amount of roughening necessary is hard to gauge.
Usually a great deal is not any better than a moderate amount. Aside from
these points, there is no other criterion for deciding when a surface is well
etched. In the final analysis it is the adherence to the CdS that determines
whether the surface preparation is adequate.

Film Thickness

As stated above, one method of increasing the power-to-weight ratio of
thin film photovoltaic cells is to decrease the weight of the cells. A great
part of the weight of the CdS thin film cell is in the substrate., However,
it has been found that molybdenum and other metal foil substrates, when
reduced in thickness, give excessive curling of the CdS film-substrate combi-
nation. In order to minimize the curling, the CdS film and metal substrate
must be approximately the same thickness.

Thus, the key to higher watts per pound by lighter weight construction
seems to be the successful use of thinner CdS films. At first, very thick
CdS films, in the range of 0.003" to 0.005", were needed because thinner
films gave excessive shorting between the barrier and the substrate. As
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improved vacuum evaporation procedures, and improved methods of cleaning
the substrates were developed; the €4S film thickness was successfully
reduced to approximately one mil. The most important factor in making films
of this thickness suitable for cells is the elimination of splatter which
causes pin holes. With the present state of the art it appears that one
mil CdS is about as thin a film that can be made into a good solar cell.
Most likely the limiting factor is the bar(% r formation method. Recently
a new and higher efficiency barrier method has been developed that does
not employ electroplating. It is hoped that this new barrier will be equal
or superior to the electroplated barrier in regard to lifetime, radiation
resistance, moisture degradation, etc; and will soon supplant the electro-
plated barrier. If this is accomplished, it is certain that thinner films
of CdS can be used.

CdS-SUBSTRATE CONTACT

The f£film cell displays some series resistance that is not due to the
collector electrode, but is in the barrier, in the bulk material, or in the
contact between the "n" type CdS and the substrate. It was decided to first
examine the latter area. The method employed was to meke certain that an
ohmic contact could be made -to the CdS, and then the contact of the CdS to
the metal substrate would be examined. After some data was accumulated on
the ohmicity of the contact between CdS and various substrates, an effort was
made to relate these contacts to cell operation and efficiency. The(gineral
pattern of testing involved applying circular indium-mercury amalgam
electrodes (2 mm diameter) to the surface of the CdS film. The other terminal
in these measurements was either the substrate or another In-Hg spot. The
I-V curve of these two terminals was displayed by a standard circuit:

+
G

L Y]

X
G

Y
e

Decade

! vV %c VAV ay W Sample {
Resistor ‘4:§z>

In order to accumulate further evidence that the In-Hg electrode was
ohmic to the CdS film, a portion of the film was removed from the molybdenum
substrate and two of the In-Hg contacts were applied. It was found that
flakes which cracked away from a typical substrate were too small to be
practical for this purpose. Larger samples of films were freed from the
substrate by using an evaporated Victawet film between the CdS and molybdenum.
Thicknesses of L0O R, 200 R, and 100 8 of Victawet all facilitated removal of
CdS when the film and substrate were immersed in water.
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Two In-Hg electrodes on the "front" surface of a CdS flake had a linear
I-V curve. Some curvature in the I-V trace was noticed at 0.3 V peak-to-peak
between an electrode on the "front" of a flake and another electrode on the
back of the flake (the back being the side toward the substrate).

When the electrodes are both applied to the back of the flake the I-V
trace indicated two symmetrical non-ohmic contacts., Therefore it appears
that, In-Hg gives an ohmic contact to the front side of a CdS film, but for
some unknown reason gives a slightly non-linear contact to the backside. In
the subsequent tests its use was confined to the front side.

To show up small non-linearities in the I-V curves of the CdS on dif-
ferent substrates a bridge circuit had to be used. (An illustration of this
is shown below.) A

Which can be redrawn
(more schematically)

The lower branch of this circuit (when S, = O and R —» open) is like
the ordinary I-V circuit where the current is indicated by the voltage across
'S4 in series with the sample. Here, S performs a function analogous to that
of an ammeter shunt. When S, is not equal to zero or infinity and R is not
equal to zero or infinity, t%e upper branch is similar to the lower branch
except that the sample is replaced by a variable resistor, R.

In the case when Sy # S, and the sample is an ohmic (linear) resistor, .
then the trace on the scope will be a straight line whose slope depends on
the value of R. In particular, the trace will be a horizontal line when
the value of R equals the resistance of the sample. The slope of the I-V
curve at the origin can be measured by setting R so that the corresponding
portion of the bridge curve is horizontal. The slope of that portion of the
I-V curve is then %. Even if S1 f’Sz, we can set up a situation similar to
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that above by adjusting the ratio of R and 52 properly.

Some of the substrates used in these measurements to determine the
ohmicity to evaporated CdS were molybdenum, silver, gold, zinc, and invar.
Some interface materials were also tried. These were thin films, 50 R to
100 ! thick, evaporated on-0.002 molybdenum. The CdS was then deposited on
the interface layer under the standard conditions,

The first contact measured was that of CdS to Mo. It was not completely
linear. Table VI lists the series resistance, which is calculated from the
slope of the small signal curve before the curving due to the non-linearity of
the contact is reached. The range of the non-linearity is listed in peak-to-
peak values.

As can be seen from Table VI, a CdS film with a zinc substrate and an
In-Hg contact showed a linear I-V curve. In other important aspects such
as thermal expansion, molybdenum substrates are superior to zinc substrates.
The above situation suggested the use of a thin film of zinc between the
molybdenum and the CdS.

Zinc films were applied to molybdenum substrates by vacuum evaporation
in two thicknesses, 40 and 100 ®. Then C4S was evaporated on the zinc layer.
In each case two of the experimental substrates were coated along with one
of a standard substrate for control. One of each pair of the films with the
intermediate layer was tested with an In-Hg contact. The other was processed
into a cell along with the control film. Under best conditions, the 50 R
zinc layer gave an ohmic contact between the substrate and the CdS, and
raised the cell efficiency. Occasionally, the zinc intermediate layer yielded
a black CdS layer. This darkening is found in some instances when CdS is
evaporated on solid zinc substrates. The thicker zinc interlayer film had
approximately three times the resistance of the thinner one. The reason for
this is not known, but it may lie in the wide experimental errors involved.

Indium, cadmium, and tin were also tried as an intermediate layer. The .
results were less encouraging. In the spot tests, they gave non-ohmic con-
tacts between the substrates and the CdS films. As with the zinc interlayers,
these gave widely varying resistance values for the two different thicknesses,
but usually much higher than was measured for zinec.

The cells fabricated from these films with various intermediate layers
gave widely varying outputs and no clear indication pro or con could be ob-
tained from the data. Quite a number of such cells were processed and it now
appears likely that an evaporated intermediate metal layer is inherently too
variable in quality under the CdS evaporation conditions to give consistent
results.

Some films on the Invar "36" substrates had ohmic contacts, and some had
non-ohmic contacts. The low signal resistance of the CdS-Invar contact was
usually slightly less than that of the zinc coated molybdenum substrate films.

In summary, certain conclusions can be drawn from the above experiences.
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Substrate or
Interface Material

TABLE VI

TYPICAL VALUES FOR CdS "n" TYPE CONTACTS TO
VARIOUS SUBSTRATES AND INTERFACE MATERIALS

Resistance from

Range of
Non-linearity

Mo
Zn
Ag

Invar 36"

(o]
S50A Zn or Mo
50f In or Mo
0 _
SOA Sn or Mo

0
SO0A Cd or Mo

o

100A Zn on Mo
0

100A In on Mo

IOOR Sn on Mo

0
100A Cd on Mo

Small Signal Slope
1.5 ohms
0.3
2.l
2.0

2.8
27.0
1000.0

50.0

8.3
6.0
L40.0

100.0
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The substrate materials that gave ohmic or nearly ohmic contacts to CdS
seemed to produce very slightly better photovoltaic cells. However, there
is no indication of two opposed junctions in any of the I-V curves of the
cells themselves, and since the non-linearities measured were very small, it
seems probable that the contact (at least in the cases measured) had little
effect on cell efficiency. The series resistance due to the contacts was

so small when calculated over a large area that it was concluded that the
CdS to substrate contact is not a very great factor in cell operation.

CELL TESTING

The CdS cells are tested by using the circuit found in the section on
CdS-substrate contact. The light source is one or several RFL/2 photoflood
tungsten lamps.. Light sources that exactly duplicate the sun are impossible
to devise. For this reason the intensity of the tungsten lamp is set so that
the cells tested under it give approximately the same result they would if
tested in collimated sunlight. Cells are periodically tested in sun and under
tungsten and the results are compared. Below is the data for two cells tested
on different days.

| MEASURED .
CELL LIGHT INTENSITY ocv SCI EFFICIENCY
219MN Sun 89 mi/cm> 0.L6v 99ma 1.54%
RFL/2 195 mw/cm? 0.L7 105 1.53
159AN Sun 92 mw/cmg 0.49 500 3.66
RFL/2 195 mw/cm 0.49 500 3.

From these and other tests it appears that the simulated terrestrial
sunlight facility is reasonably accurate. The fact that some cells show
greater discrepancies under the tungsten lamp than others is attributed to
the non-uniform response of these cells to various colors. Some sslls
show enhancements due to the combination of certain wavelengths.( However
the tungsten light seems to be as accurate as any available source for the
similated testing of CdS cells.

In order to get a larger and more accurate display of the I-V character-
istics of the cells, an X-Y plotter was placed in operation. Circuits were
provided to test the cells "passively" (using a varying external power source)
and "actively" (using the cell to provide its own power across a varying
load)., These large graphs of the I-V curves have aided in studying shunt and
series resistance since these values are calculated from the slopes of the
characteristic curves. It has also made it easier to locate the maximum power
points on the curves,
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I-V CURVE ANALYSIS

For most of the cells produced to date, the point of maximum power on
the I-V curve has been located by calculating the product, I-V, at a number
of points until a maximum value is found.

A method found useful by other investigators involves superimposing a
family of hyperbolas of constant P = IV on the I-V curve. That hyperbola
which is tangent to the I-V curve corresponds to the highest power along the
I-V curve, and the point of tangency is the maximum power point.

A quick and simple approximation of the optimum power point has recently
been found., The lines V = Voc and I = I, are constructed. A third line is
drawn through the intersection of the first two lines and through the origin.
Where this third line crosses the I-V curve is approximately the maximum
power point. This line corresponds to a load resistance of magnitude Voc/I .
While this method is approximate, it would be useful as a time saver whére
many cells were produced and data was to be accumulated to detect changes in
efficiency e.g. on a production line.

For an accurate determination of maximum power P, and optimum load re-
sistance, R , of a solar cell under given conditions, a curve of power versus
load resistance may be plotted from data taken from the I-V curve of the cell:

P=VI, R=V.
h?

It would be useful if an equation of P as a function of R could be
found analytically or empirically. For example, the equation might be used
to determine how close an approximation V ¢ Would be for R It might be
possible analytically to transform a simpie equatlon like:

I= Io(exp(qv/kT)-l)-IL (8)

into én equation of P as a function of R.

A brief evaluation was made of a practicality of finding such an empirical
equation., A plot of P vs, R is shown in the solid curve of Figure 5. The
possibility of testing hypothetical equations against this curve with the aid
of Harshaw's research computer was considered., The experimental curve roughly
resembles the curve of the expression P = aRe™PT, The computer was used to
generate values of this hypothetical curve. That data is shown as the dotted
curve in Figure 5, While this approach to the problem appeared to be worthwhile,
emphasis had to be shifted to other more fruitful work.

It is of continuing interest to consider various equivalent circuit models
for a solar cell. One model consists of a current generator shunted by a diode:
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The output (I;) of the current generator is a function (usually assumed
linear) of the intensity of the light falling on the cell. The diode has an
exponential characteristic, (saturation current, I As a circuit element,
the functional relationship of current (I) and volgage (V) of the model is
given by:

I =1, (exp (q V/AKT) - 1) - I

where q = the change of the electror, k = Boltzmann's constant, T = the abso-
lute temperature, and A is a parameter given as equal to unity by the early
diffusion theory of the silicon cell.

At this laboratory(9), it was found possible to "fit" curves of the above
mathematical model to plots of experimental data obtained on cadmium sulfide
solar cells (refer to Figure 6), The best fit of each curve was obtained
using valuds from 3 to L for the parameter, A,

Another model adds a series resistance, Rs:

~-T
|

I BV
d

with the corresponding I-V relationship:

I=1 (exp (V-IR,)q/AKT)-1) - Ie

Where R has an appreciable effect on the I-V characteristic, its value can
be estibated to be approximately equal to the reciprocal of the slope at

the open circuit voltage intercept. Another way of ‘estimating R_ involves
taking axperimenta% 8}ots of the I-V characteristic of a cell at different
light intensities,'1 On the "knee" of each curve, a point is selected
which has the same incremental difference in current from I;, (refer to
Figure 7). A straight line is fitted to the points and the reciprocal of its
slope is chosen as an estimate of Rg.
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In the case shown in the Figure 7, R_ was estimated to be approximately
1 ohm, That value was also estimated from the slope at open circuit voltage
on a scope trace of the I-V curve. The middle curve in Figure 7 was made
under the standard light intensity and color of the routine laboratory cell
tests, The effect of R_ was mathematically removed and the resulting data
gave a value of A, approximately equal to 3.5.

A third model includes a shunt resistance Rsh’

-1

Il_f sy vV

B

Its I-V characteristic is conveniently expressed logarithmically:

l1n | I +1I = V- IR o/AkT | (V - IR,)
I, - Iy Ry,

Notice that there are five parameters: I, I;, R, ,.and A in this
equation. It is possible to shift their rela%lve valﬁgs somewhat and yet
keep the theoretical curve in a narrow channel about the experimental curve.

The above discussion suggests that investigators may find different
values for certain parameters dependlng upon how they have approached the
problem,

Evaluation of the third model could proceed with the selection of flve
points, (Vy, Il) (Vs I,)y ¢ o o ¢ ¢ o o oo (Vg, I.) from an experimental
I-v curve. The I-V characteristic equation. wougd bg written for each of the
points and would be solved for the five parameters. The method of successive
approximations should yield values of the five parameters giving a curve
which would pass close to the five selected points. The curve found in
this way would represent the I-V characteristic of the cell to a degree
limited partly by the accuracy with which the original points were chosen
and partly by the inadequacies of the equivalent circuit model.

COLILECTOR EIECTRODE
During the period just prior to this contract, it was found that a

much improved collector contact could be made to CdS front wall film cells
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by laminating a fine mesh metallic grid in place of the hand ruled conductive
silver grid. These mesh grids are electroformed from various metals in a
variety of spacings of the grid lines. A typical grid has 90 lines per inch.
Each line is 0.00049% wide. The transmission of the grid is 88%. The most
important feature of the electroformed mesh is that, unlike a woven screen,
its surface is completely flat. Therefore, contact is established completely
on one surface against the barrier of the cell.

The result of this improved contact was a lowering of series resistance
and an improvement in the shape of the I-V characteristic curve, as is shown
in Figure 8. Thus, cell efficiencies were more than doubled in most cases.

Sheet Resistance

To determine the optimum mesh size, an attempt was made to measure
the sheet resistance of the barrier. The problem was to eliminate the effect
of the conducting layer of molybdenum and n-type CdS in the measurements.
The electrical test circuit used for this measurement is shown in Figure 9.
The average sheet resistance as measured on a number of barriers was approx-
imately 1000 ohms per square. Since the mathematical solution of the equi-
valent circuit of a distributed serier resistance cell involves a non-linear
differential equation, an attack of the problem was made by an empirical
method. The average value of sheet resistance was determined. Knowing this,
an optimum electrode spacing could be calculated for any size collector
electrode. At this optimum the decrease in series resistance obtained by
moving the collector stripes closer together and adding a stripe would be
balanced by a losg in output due to the decrease in active area covered by
the extra stripe. It was determined that for a sheet resistance of 1000 ohms
per square, 20 lines per inch should give the optimum grid spacing.

To corroborate this, several different meshes were tested. Various
meshes were obtained, from 5 lines per inch to 1000 lines per inch. Using
special testing equipment to hold the mesh against the barrier, the various
grids were compared directly by testing the same cells with different grids.
Four cells were used. The results appear in Table VII. The screens are
listed in the order they were tested. During the tests, because of the
pressures exerted against the cells, there was about a ten percent loss in
efficiency.

The 90 lines per inch silver grid gave the highest output on all four
cells. The 5 and 1000 lines per inch gold meshes were markedly worse than
the rest in each case. The remaining grids gave somewhat lower efficiency
than the 90 lines per inch silver, but were bunched more or less as a
group. In Table VIII, the grids listed in Table VII have been rearranged
in order of decreasing efficiency for each of the four cells tested. The
grids with 25 lines per inch spacing gave sufficient output in each case
to support the calculations that 20 lines per inch is adequate for con-
tacting barriers with 1000 ohms per square sheet resistance. Even though
25 lines per inch is fifth, in cell X310, the second to the sixth ranking
grids gave very nearly the same efficiency. The explanation for cell X309
is not very clear. From the I-V curves, it appeared that this cell had a
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TABLE VIII

MESH COLLECTCRS FROM TABLE VIT LISTED ACCORDING TC EFFICIENCY

CELL CELL CELL CELL
RANK X300 X309 X310 5290
1 Ag 90 Ag 90 Ag 90 Ag 90
2 Au 25 Au 70 Cu 70 Au 25
3 Au 70 Ni 70 Au 70 Ni 70
L Au 90 Ag 280 Au 90 Ag 70
5 Cu 70 Au 90 Au 25 Au 90
6 Ni 70 Ag 70 Ni 70 Cu 70
7 Ag T0 Cu 70 Ag 70 - Au 70
8 Ag 280 Au 25 Ag 280 Ag 280
9 Au 5 Au 1000 Au 5 Au 1000
10 Au 1000 Au 5 Au 1000 Au 5
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higher sheet resistance than the other three cells. This could explain the
poorer performance of the 25 lines per inch mesh in this case. From the

shape of the I-V curves of the other three cells it is clear that 25 lines

per inch is adequate and that 5 lines per inch is inadequate for the collector.
The calculations therefore seem borne out by experimental results.

It is important to note here that these tests of various collector
electrodes on the special test equipment neglect the fact that for some
reason the sheet resistance of the barrier region apparently increases greatly
during the actual lamination process. The presence of hot flowing plastic
‘apparently can increase the sheet resistance as much as ten fold. Probably
because of this apparent increase in sheet resistance, grids with 70 to 90
lines per inch were necessary on laminated cells, though the bench tests and
calculations show 20 lines per inch should be adequate.

Since it was found that more than the initial sheet resistance of the
barrier was involved, the steps in the lamination were separated and the
sheet resistance measured at each step. The measurements were made in air,
in vacuum, over desiccant, in vacuum with heat, under pressure as experienced
in lamination, and with plastic laminated to the surface. Table IX shows the
results of this series of measurements. There was a large increase in
apparent sheet resistance when plastic was allowed to flow under pressure
against the barrier region. There was only slight increases in apparent
sheet resistance under the other conditions. Exactly what was occurring
is not yet clear, since the above data were not sufficient to pin down the
factors involved. Perhaps the plastic was isolating small islands of the
barrier region.

There was the possibility that the various mesh sizes and even the
various mesh materials acted differently under the conditions of lamination.
While silver was the best conductor, other metal meshes including copper,
gold, and nickel were available so they were used. The results of these
tests were that copper and nickel were not satisfactory, and that gold was
as good or better than silver. Other tests since then have indicated that
gold is the best collector for a laminated cell,

Previous experience with CdS single crystal cells indicates that all
these. metals should make good contact to the barrier. Therefore this test
does not make sense unless some factor came into play besides contact
potentials. Perhaps the gold being softer eonforms to the surface better
when laminated. There is also the possibility that the different screens
heat up at different rates during the lamination cycle. If any got too hot,
there is the possibility of floating away from the surface up into the plastic
thereby producing a high contact resistance. The I-V curves of the cells with
copper collectors appeared to indicate a poor contact at the collector. They
displayed a very high series resistance.

Copper and silver meshes were compared on the special test equipment
where the meshes were held against the barriers by air pressure. The hot
flowing plastic was then eliminated from the test. The copper mesh collector
was much better than when laminated. The series resistance was only slightly
higher than that with the silver collectors. This may be inherent in the
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copper, since silver is a better conductor, or it may just be due to the
fact that copper is not as soft as the silver, and therefore did not conform
to the barrier surface as well as the silver.

The next area to examine as a possible cause of the apparent increase
is sheet resistance during lamination was the contact of the metal mesh to
the barrier.

To check this area several cells were selected., First the sheet re-
sistance was checked. The circuit used was shown in Figure 9. An important
feature of the test method was an attempt to match the potential of each
point on the "barrier" with the potential of the point on the substrate
directly beneath it. Because of the resistance of the n-type cadmium sul-
fide layer between the "barrier" and the substrate, small differences in
the potentials should not introduce appreciable errors in the sheet resistance
measurements. Reversing the power source gave approximately the same value
for apparent sheet resistance. Reversing the cell itself, in certain cases,
gave a different value for sheet resistance. In some cases, the difference
was as great as a factor of two. The assymmetry of the measurements for
these cells probably results from large mismatches in the potential distri-
butions of the "barrier" and the substrate.

To substantiate the method of measuring the sheet resistance,.  the sur-
face of many of the cells were probed in order to get a picture of the (11)
potential distribution. The circuit used is shown in Figure 10, A "snail" R
a small cylinder of conductive elastomer, approximately 0.l cm in diameter
was used to probe the surface. The potential distribution of the barrier of
some cells was very uniform across the length of the cells. These cells had
approximately the same sheet resistance when they were tested in both
directions. Other cells had distorted potential distribution. These cells
gave different values of apparent sheet resistance depending how they were
placed in the circuit. This was probably due to localized leakage through
the barrier. These cells were eliminated from the tests. The above results
did indicate that the amount of mismatch in the potential distributions of
the barrier and substrate in cells that give symmetrical reading is not
enough to introduce appreciable error.

A number of cells with similar properties were selected, Some of the
cells were laminated only over the end areas where the electrodes had been
placed. Other cells were laminated over the center area and not over the
electrodes. A third group of cells was laminated over the entire cell area.
This procedure made it possible to separate the effects lamination causes in
the barrier from those it causes at the electrodes. The values of sheet
resistance measured in the cases of the first and third groups of cells
changed with lamination, much more radically than in the case of the group
of cells that was not laminated in the electrode area, This tended to indi-
cate electrode effects. 'One of the end-laminated cells was dissected. The
surface of the electrode, which had been adjacent to the "barrier", was dis-
colored, This could have been caused by reaction of the barrier with the
electrode or by an intrusion of plastic between the barrier and the electrode.
Either of these things could have caused a higher resistance reading. Probing
this surface of the electrode with a small conductive elastomer "snail" showed
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increased resistance in the discolored area.

Other tests have been run to compare the resistance between gold and
silver electrodes laminated on the same cells. These tests also indicated
that the increase in apparent sheet resistance was associated with the
electrodes.

Recently it has been found that this is not a constant problem. In
fact, many times when cells are laminated there is very little change in
the apparent sheet resistance. At other times there are great changes.

Since the gold grid is only held to the surface by the nylon, and there
is evidence that the grid does, at times, float away from the surface, steps
are being taken to eliminate this method of contacting the barrier. This
also explains why 70 or 90 lines per inch collectors must be used to get
consistently good laminated cells when 20 lines per inch should be adequate.
Steps are being taken to get a tighter control on the conditions of lamination.
Work is also being done to eliminate the need for lamination to hold the
collector mesh to the surface of the barrier.

Electroformiqg

The gold collector grid has been successfully applied to the barrier
surface by electroplating techniques. The use of a photo-resist process
to provide a plating mask has resulted in high conductivity, 80% to 90%
transmitting grids, bonded directly to the barrier surface. Only certain
conditions of surface pretreatment and electroplating parameters have re-
sulted in cells being unharmed by the plating process. Most of the gells
fabricated in this way were L CQZ in area, although several of LO ecm® were
attempted.

Initial attempts to fabricate a collector grid in situ involved evapor-
ating a continuous metallic film over the cell and selectively etching the
film to form a grid pattern. These experiments suffered from the effect of
the etch on the cadmium sulfide sub-surface, from poor photo-resist techniques,
and from drastic alterations of the photovoltaic characteristics by the
evaporated metal, ILater experiments, with improved photolithographic work,
centered on electroplating the grid through a photoresist mask. It was
found that electroplated copper also drastically altered the cells satur-
ation current and short circuit current. The final experiments, using electro-
plated gold, resulted in good cells only when the plating current density was
kept low, and when the cells were carefully dried before and after plating.
Results of one experiment, illustrating the gffect of plating speed and pre-
treatment, are tabulated below for some L cm® cells:
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Before Processing Prebake Plating Current After Processing

Cell No, - Voe Ige In Dry Air Density - Time Voc ISc
965-1 049v  1Tma 5 min @150°C 2 ma.cm.”% 6 min. O.L43v  17ma.
965-2 0.50 19 L, min @150°C 0.2 60 0.L8 19
965-3 0.50 17 None 0.2 60 0.L7 17
965-1 0.50 18 None 2 6 0.20 b
965-5 0.50 17 5 min @150°C 0.2 60 0.45 17
965-6 0.49 19 None 2 6 0.10 1
965-7 0.50 20 None 0.2 60 0.L5 17
965-8 0.50 17 S min @150°C 2 6 0.15 1

Cells 1 to l; were plated within a few hours after application of the photo-
resist mask. Cells 5 to B8 were exposed to room air for three days after
mask application and before plating.

The above results prove the feasibility of the process, especially in
view of the fact that there is a possibility of improvement in nearly every
stage of the procuss. Plated copper may prove feasible if applied at very
low current densities, Large area cells, which require a grid with lower
sheet resistivity, can be processed by plating for a longer period while
providing a network of high conductivity bus bars.

Twenty-five lines per inch grids with 90% transmission can be formed
by photo-resist techniques, and 70% transmission can be achieved with 70
lines per inch by the state of the art in this laboratory. It is expected
that the transmission can be improved in the future.

In an effort to avoid attacking the thin barrier with the plating
solution, an attempt was made to fabricate a rear wall cell by painting the
barrier surface with an opaque silver paste, and selectively etching out a
grid on the other side, in the cell's molybdenum substrate. This technique
shows some promise, but it is hampered by the lack of an etchant which will
remove molybdenum and not remove the CdS below. This method does have the
advantage of etching from the n-type CdS side of the cell. This material is
about one and one half mils thick, so that if the etching solution removes
only part of the CdS it probably will not affect the cell operation., Figure
11 is a picture of an operating rear wall cell that was fabricated in this
marmer. It does present a handling problem since the CdS film is practically
unsupported when most of the molybdenum is etched away.

CELL ENCAPSULATION

At present the complete cell package comprises the CdS film and barrier
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layer on a molybdenum substrate, a mesh collector, negative and positive leads,
and the plastic envelope. In this section the substrate, film, barrier, and
mesh are not considered. Interest is directed to the plastic, methods of en-
capsulation, and the lead attachment.

Plastics

Using samples supplied by Harshaw, the NASA, ILewis Laboratory performed
some preliminary ultraviolet tests on the films., With this information, the
data supplied by the manufacturers, and the experiences gained in this
laboratory, the most favorable plastica for cell encapsulants were selected.
The properties looked for in the plastics were ultraviolet, temperature, and
radiation resistance. The plastic must also possess sufficient tensile
properties. The three plastics that look best for space use are duPont's
H-film, duPont!'s Tedlar, and Mylar. H-film is a polyimide, while Tedlar.
is a polyvinyl fluoride.

Lamination of one mil H-film to itself was not successful, and an ad-
hesive layer of nylon had to be used. The same is true of the Mylar. No
adhesive is needed for the Tedlar since it has a special heat sealable surface.

These three plastics will be compared in further tests by NASA, These
tests include radiation resistance, ultraviolet resistance, thermal properties,
moisture permeability, and other physical properties such as tensile strength
and elastic modulus,

Encapsulation

Because of the long heating and cooling cycle used in the present lamin-
ation process, and the difficulty this causes in handling certaln plastics,
a new technique is being sought. The present method is too slow. The optical
and physical qualities of the plastics would be less affected by a short heat
and cool cycle than by the present much longer cycle. An attractive method
would be impulse lamination.

Some work was initiated here on an impulse type sealer. The most favorable
results have been obtained on what might be termed a "resistance heating" type
system, Large amounts of electrical power are necessary for short periods
of time. After several tests, it is felt that specifications for a piece of
equipment including the proper power supply can now be written.

Another type of sealer that has been investigated is the heated roller
type. This seals the plastics well but tends to trap vapors at the edges of
the cell. There are ways that a new package could be developed employing
this heated roller technique. It might also be employed in preassembling the
package, e.g. putting the mesh collector on the barrier.
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Miscellaneous Improvements

Results of thermal cycling tests at extreme temperatures, has made it
evident that further changes are needed in the cell package. One problem
area has been the cutting of the plastic by the edges of the substrate
during temperature cycling. This is due to the expanding and contracting
metal working against the plastic at the edge of the metal substrate. The
plastic is thinned in this area during the lamination process.

To prevent any cutting of the plastic by the thin metal substrate,
~the corners of the substrate have been rounded and the edges sanded. A
plastic picture frame of reinforcement has also been added to eliminate the
thin area of plastic at the cell edges.

Still another improvement incorporated in the present package is an
emissive black backing. The purpose of the black is to improve the emissivity
of the package to about 0.9, Previously this black tended to chip off, now
it is bonded to the plastic by heat.

Lead Attachment

One weak point in the cell package was the negative and positive lead
attachment., Until now this has been a pressure contact established during
the lamination prncess which had appeared to be satisfactory until the advent
of a large number ‘of tests. ’

To alleviate the problem of the pressure cohtacts (silver to the moly-
bdenum, and silver to the gold mesh) separating, other precautions were taken.

In order to insure a good contact to the molybdenum substrate, a tab
has been extended from one edge. This tab can be spot welded. However if
it is to be soldered, it must receive additional treatment. Several attempts
to plate this tab with solderable metals left much to be desired. Finally a
small vacuum chamber was designed to evaporate copper on the tab after it
was heated in vacuum to 500°C, This coating adheres well and can be readily
soldered. The advantage is that it can be applied to the cell after the
substrate is trimmed just before lamination. With this piece of equipment the
tab must be about an inch long. If shorter negative leads are desired, a
tinned piece of metal can be spot welded to.the molybdenum tab.

There are two method of attaching the positive silver lead to the
mesh. One is a thermal-compression bonding. The other is to have the lead
tinned before lamination, then under the conditions of temperature and
pressure of lamination, a solder jolnt is formed between the mesh and lead.
From many tests it appears that certain fluxes must be avoided as they damage
the barrier. The solder method has proven very satisfactory.

All other connections, e.g. terminals on the end of the leads, are spot
welded.

These improvements insure a cell package that will not lose electrical
contact under extreme temperature conditions.
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PIIOT LINE

During this contract a standard process line for production of CdS
front wall solar cells was continually operated. This line provided a base
line to evaluate advances. Periodically glass rear wall cells were also
fabricated on this line to. provide a continuous measure of front wall cell
performance as compared to rear wall operation. The cells made on this
line were used in other tests after they were evaluated, e.g. lamination
experiments, life tests, etc.. Several changes were incorporated into this
line during this contract., For instance, at the start of the contract the
collector electrode was hand striped silver conductive paint. It was later
discovered that the cell efficiency could be doubled by using an electro-
formed mesh collector. However, with the advent of the mesh collector, it
was necessary to encapsulate each cell in order to attach the collector to
the barrier. This required quite a bit more time.

In order to determine the efficiency of cells without permanently
laminating them in plastic, a pressure test unit was constructed that in-
corporated all the features of the lamination process except the presence of
the hot plastic film., This unit is illustrated in Figure 12. The cell, )
immediately after barrier formation, is placed in the fixture and it is
clamped shut., Beneath the eell there is a rubber diaphragm. Pressure of
approximately 100 psi from tank nitrogen presses the cell against a silver
mesh grid and a lucite window. The cell is illuminated through the lucite
window and the output of the cell measured. This allows & very close
estimation of the: performance of the final cell, without actually laminating
a mesh against the barrier surface. The benefits of this testing method are
evident. The cells can be tested and then stored in a dry atmosphere for
later matching and assembly in arrays.

It was also discovered that the cells made on the pilot line were
sensitive to humidity during barrier formation. The barrier was formed by
electroplating Cu on the film and then heating it in air, The time of this
oxidation process varied greatly. The cause was humidity variations. An
electro-air dryer was installed on the oxidizing furnace., Since then the
oxidizing time is easily controlled and the barriers are much more reproducible
and uniform,

This pilot line has helped solve several temporary difficulties. One of
the causes for the lower average efficiency.was the production of less uni-
form films. This lack of uniformity of the films was found to be cause by
a general build-up of evaporant on all the surfaces within the vacuum bell
jars. Immediately after the systems were completely cleaned, the conversion
efficiencies of completed cells rose sharply.

Another problem was traced to an incorrectly reading thermocouple.
It appears that the vapors in the vacuum system gradually attack the thermo-
couples, and unless they are changed regularly they tend to give faulty
readings. The thermocouples caused erroneous substrate temperature readings
which resulted in many thin films. These thin films tend to develop shorts
during barrier plating.
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A typical difficulty encourtered was a material problem. Some of the
poor cells were traced to films made from certain sinters of CdS. One lot
was not completely sintered because of a power failure during the run. Other
sinters displayed high oxygen contents. More rigid control of the material
used for evaporation has been established as a result.

It was discovered during the pilot line operation that many cells that
were considered poor, or even scrap, because of low output or apparent
shorts are recoverable., The two most prevalent faults of poor cells are
not due to the film formation, but to the formation of the barrier. They
can be generally classified as low current output, and apparent poor shunt
resistance. The cells that have low current can be recovered by simply re-
peating the barrier formation process without removing the first barrier.
The cells that seem to have poor shunt resistance (according to the I-V
characteristic) may have a very high I° for some unknown reason. This is
demonstrated when the poor shunt characteristic disappears at liquid nitrogen
temperatures, This gives an easy method of detecting this condition and
separating it from true shunt problems. These cells with the possible high
I_ are recoverable by removing the barriers with potassium cyanide, and re-
placing them with new barriers.

Over 1000 cells were mdde on the pilot line during the perioed covered
by this contract., Because of the continual changes and improvements, both
the average efficiency and the maximum efficiency of the cells has increased.
The highest efficiency cell produced on this line was 5.12%.
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